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Ksr has been genetically defined as a component of
the Ras/MAP kinase pathway, but its role has been
unclear. New studies now provide evidence that Ksr
is important for signal transmission within the MAP
kinase module, where it apparently acts as a loca-
tion-regulated scaffold connecting MEK to Raf.
The small GTPase Ras conveys signals affecting
diverse cellular processes, such as growth, prolifera-
tion and differentiation, through downstream signaling
pathways [1]. Among these is the extensively studied
mitogen-activated protein (MAP) kinase pathway,
comprising three protein kinases — Raf, MEK and
MAP kinase — which transduce Ras’s signals through
a phosphorylation cascade [2]. Despite the apparent
simplicity of this pathway, the molecular mechanism
underlying signal transmission from Ras to MAP
kinase still holds a few enduring secrets. For example,
it is not clear how Raf is activated once recruited to
the plasma membrane by Ras, or how activated Raf
meets with its cytoplasmic substrate MEK. Other pro-
teins have been implicated in the Ras/MAP kinase
pathway over the last few years [2]. One of these is the
‘kinase suppressor of Ras’ (Ksr), a protein of unclear
function which associates with multiple components
of the pathway. Recent studies— including one by
Ohmachi et al. [3] recently published in Current Biology
— have provided exciting new insights into the way in
which Ksr acts to orchestrate signal transmission
within the MAP kinase module [3–5].
Ksr was discovered in Ras-dependent genetic
screens in Caenorhabditis elegans and Drosophila
[6–8], and homologous proteins were identified in
mammals [8] (Figure 1). Genetic analysis indicated that
Ksr is required downstream of Ras, but these studies
could not determine whether Ksr is required in the
MAP kinase pathway or in a parallel Ras-dependent
pathway [6–8]. Furthermore, although Ksr activity was
found to be critical for multiple Ras-dependent events
in Drosophila, its significance was much less clear in
C. elegans where ksr1 null mutants were found to be
viable with no major defect apart from faulty sex
myoblast migration. This indicated that, in C. elegans,
Ksr-1 either has a non-essential function or that it is
redundant with another gene product [6,7].
Ohmachi et al. [3] have now settled this matter by
showing that C. elegans has a second, more distantly
related, ksr gene (ksr2; Figure 1) which functions redun-
dantly with ksr1 in diverse Ras-dependent develop-
mental events. The authors looked for redundancy in
two ways: first, by depleting endogenous Ksr2 in a
ksr1 mutant background using RNA interference
(RNAi); and second by generating ksr2; ksr1 double
mutant homozygotes. Under both circumstances,
strong let-60 / Ras-like mutant phenotypes were
observed. These results not only demonstrated the
redundancy between the two Ksr proteins, but also
showed that Ksr activity is critical for Ras-dependent
events in C. elegans. 
Ohmachi et al. [3] went a step further and asked
whether Ksr is required for MAP kinase activation. To
address this, they monitored the level of endogenous
activated MAP kinase in lysates from wild-type versus
mutant worms. Their results clearly showed that removal
of total Ksr activity precluded MAP kinase activation,
thus demonstrating biochemically that Ksr is involved
in Ras-mediated MAP kinase activation. A similar con-
clusion has also been reached by two other groups
[4,9] using an RNAi approach in Drosophila S2 cells.
Early attempts to elucidate the function of mouse
Ksr1 (mKsr1) suggested that it might work as a kinase
that phosphorylates and activates Raf [10]. For
unclear reasons, however, these findings could not be
reproduced [11–13], and several lines of evidence indi-
cated that Ksr proteins are either devoid of catalytic
activity or function differently than standard protein
kinases [14] (Figure 1). Interestingly, although mKsr1
might not function as a kinase, it can interact with
multiple components of the MAP kinase pathway. For
example, mKsr1 was found to associate constitutively
with MEK, 14-3-3, Hsp90 and Cdc37 [12,13,15–18],
and in a Ras-dependent manner with Raf and MAP
kinase [13,17–19]. These findings indicate that Ksr
proteins might be involved in assembling the MAP
kinase module.
Intriguingly, depending on the functional assay
used, mKsr1 overproduction was found to either block
or promote Ras-mediated MAP kinase activation
[15,16,19]. Cacace et al. [17] later found that these
conflicting observations were most likely due to
mKsr1 expression levels, as low mKsr1 levels cooper-
ated with activated Ras to induce MAP kinase activa-
tion, whereas high levels antagonized it. As mKsr1
associates with multiple components of the pathway,
this phenomenon could be explained if mKsr1
interacted simultaneously with at least two of these
components, thereby uncoupling them when mKsr1 is
overproduced to high levels.
A prediction of this is that coproduction of mKsr1
and the ‘sequestered’ components should transform
mKsr1 inhibitory effect into a stimulatory effect. This
has been recently verified using Drosophila protein
counterparts in S2 cells [4]. Strikingly, overproduced
Ksr strongly stimulated MEK phosphorylation by Raf
in a Ras-dependent manner, provided that MEK and
Raf were coproduced. In a similar manner to mKsr1,
Drosophila Ksr was found to interact constitutively
with MEK, but surprisingly — and unlike mKsr1 — Ksr
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also associated constitutively with Raf, suggesting that
it might constitutively bridge Raf and MEK. Further
analysis showed that Ksr indeed assembled a Raf–MEK
complex in a Ras-independent manner, and that muta-
tions in Ksr affecting either Raf or MEK binding abro-
gated its ability to stimulate MEK phos-phorylation by
Raf. These results thus provide the first direct evi-
dence that Ksr functions as a scaffold in the MAP
kinase module by linking together Raf and MEK.
Whether Ksr is pre-associated solely with MEK
(Figure 2A), or with both Raf and MEK (Figure 2B),
prior to signal stimulation will need further investiga-
tion. The problem now is to understand how activated
Ras relates to the Ksr–Raf–MEK complex. Activated
Ras is known to recruit Raf to the plasma membrane
through an interaction with the Ras-binding domain
(RBD) on Raf. This initial step seems to be a prerequi-
site for subsequent events involving phosphorylation
and dephosphorylation of specific residues on Raf
that trigger its activation as a protein kinase [2].
mKsr1 has also been shown to move to the plasma
membrane upon Ras activation, but apparently not
through direct interaction with Ras [11,18]. Instead, its
membrane recruitment was found to be mediated by
the CA3 domain (Figure 1), a cysteine-rich region
homologous to the C1 domain found in PKC isozymes
and also present in Raf proteins [8] (Figure 2). These
results suggested that Ras-dependent membrane
localization of mKsr1 might serve to bring MEK in
close proximity to Raf, thus allowing Raf to phospho-
rylate MEK [14] (Figure 2A).
Müller et al. [5] recently reported exciting findings
that have expanded our view of the mechanism 
and functional relevance of mKsr1 membrane recruit-
ment. They found that C-TAK, a Cdc25C-associated
kinase, phosphorylates two serine residues on mKsr1 —
Ser297 and Ser392 — which in turn enable binding by
a 14-3-3 protein. Strikingly, mutation of Ser392 resulted
in constitutive targeting of mutated mKsr1 to the plasma
membrane, accompanied by membrane recruitment
of MEK. These findings led them to conclude that 14-3-3
binding to phosphorylated Ser392 might sequester the
mKsr1–MEK complex in the cytoplasm.
As the 14-3-3 binding sites on mKsr1 are relatively
close to its C1 domain (Figure 1), they proposed 
that bound 14-3-3 might mask the C1 domain, prevent-
ing permanent membrane targeting. In support of this
model, EGF stimulation induced dephosphorylation of
Ser392, which correlated with membrane localization
of mKsr1–MEK and MAP kinase activation. Interest-
ingly, a recent paper reported remarkably similar find-
ings for Raf-1 [20]. Mutation of Raf-1 residue Ser259,
known to provide a 14-3-3 binding site[2], led to con-
stitutive targeting of a significant proportion of Raf-1
to the membrane. As with mKsr1, 14-3-3 binding may
sequester Raf in an inactive state in the cytoplasm of
quiescent cells (Figure 2). Given the high structural
homology between Raf and Ksr [8], it will be interest-
ing to investigate the possibility that similar mecha-
nisms control the intracellular localization and the
activity of Raf and its scaffold Ksr.
In summary, despite numerous questions still left
unanswered — such as whether Ksr participates in Raf
activation [4,8–10] or whether it serves as a platform
for MAP kinase phosphorylation by MEK (Figure 2) —
it now seems clear that Ksr regulates signaling flow
within the MAP kinase pathway by its ability to connect
Raf and MEK.
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Figure 1. A schematic illustration of the
Ksr homologues discussed in the text.
Drosophila (Dm), mouse (Mm) and
C. elegans (Ce) Ksr members are
depicted. Brain (B)-Ksr1 is a splicing
variant of mouse Ksr1 gene [13]. Five con-
served areas (CAs) were identified [8].
CA1 is unique to Ksr proteins; it is
required for Drosophila Ksr activity [5,8]
and appears to be involved in Ksr–Raf
interaction [5]. CA3 participates in Ras-
induced Ksr membrane localization [11].
Except for CeKsr2, CA4 contains a
docking site (FXFP; thick underline) and a consensus phosphorylation site for MAP kinase [8]. The putative kinase domain (CA5) has
peculiar amino-acid variation in subdomain II for mouse and human Ksr1 [8], and in subdomains II and VII for CeKsr2 [3], suggesting
that Ksr proteins might be catalytically inert. Stars show 14-3-3 consensus binding site positions.
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Figure 2. Models depicting the scaffolding function of Ksr.
(A) Ksr–MEK and Raf form distinct, inactive 14-3-3-containing complexes in the cytoplasm. PKA [20] — and not C-TAK [5] — proba-
bly phosphorylates the Raf Ser259-like residue (left panel). Upon activation, Ras recruits Raf to the membrane. Dephosphorylation by
a phosphatase (PPase) of the Ser259-like residue releases the 14-3-3 protein, allowing Ras binding to Raf-C1-like domain (middle
panel). Conformational changes might then take place to allow phosphorylation and activation of Raf by an as yet unidentified kinase.
In parallel, the Ksr–MEK complex would be recruited to the membrane following dephosphorylation of the Ser392-like residue on Ksr
proteins (middle panel). Other proteins might help recruit activated Raf, triggering MEK phosphorylation (right panel). It is still unclear
whether MAP kinase is recruited to the complex by another scaffold or through a direct interaction with the FXFP motif on Ksr. (B) A
pre-assembled Ksr–Raf–MEK inactive complex is localized in the cytoplasm (left panel). The CA1 region of Ksr is involved in consti-
tutive Ksr–Raf interaction [4]. It is not known whether the Ksr–Raf interaction is direct or mediated by another protein. Upon Ras acti-
vation, the whole complex transits to the plasma membrane through an interaction between Ras and Raf’s Ras-binding domain
(middle panel). Subsequent events are as in (A).
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